INTRODUCTION {#SEC1}
============

Knowing the expression and distribution of different molecule classes in tissues is essential for the understanding of both physiological and pathological mechanisms. The gene expression atlas ([@B1]), hosted at the European Bioinformatics Institute, collects gene expression patterns under different biological conditions in various organisms. Likewise, the Human Protein Atlas presents information on proteomes in various tissues ([@B2]). For the class of small non-coding nucleic acids, the so-called microRNAs or miRNAs, there is a lack of up-to-date databases showing their tissue-specific distribution. The first and as of now most comprehensive analysis of miRNA abundance in different tissues has been reported by Landgraf et al. in 2007 ([@B3]). This sequencing-based study reported 340 miRNAs in 26 organs. We recently investigated the miRNA repertoire of different blood cell types ([@B4]), already indicating a complex miRNA repertoire strongly dependent on the considered cell types. To improve the understanding of the miRNA abundance in human tissues, we now profiled 1997 different mature miRNAs for 61 tissues. In contrast to the previous catalogue of miRNAs in human tissues, we measured all miRNA profiles from only two different individuals to minimize inter-individual variability. We selected an array-based analysis to have a robust platform for determining the miRNA abundance. The applied Agilent microarray technology has been proven sensitive and, more important, reproducible in a recent comprehensive platform comparison ([@B5]). Using this technology, we achieved technical Pearson correlation coefficients of between 0.97 and 1 for technical replicates in previous studies.

Here, we first characterize technical stability of our approach before we describe variations in the abundance of the miRNAs across tissues. To provide easy access to the tissue atlas, we implemented a web-based repository that also links results to important miRNA resources. This web service is freely available online at <https://ccb-web.cs.uni-saarland.de/tissueatlas>.

MATERIALS AND METHODS {#SEC2}
=====================

Tissues and RNA extraction {#SEC2-1}
--------------------------

Tissues analysed in this study originated from two male bodies. Both cadavers were obtained as anatomical gift to be dissected in a study of medicine under German law. The first body was from a 65-year-old male patient, who suffered from multiple myeloma, a cancer that forms in a type of white blood cells (plasma cells). The body was stored at 4°C upon arrival at the anatomical institute and tissue samples were collected the following day, i.e. 2 days post-mortem. In total, we analysed 24 different tissues, i.e. adipocytes, arachnoid mater, artery, colon, small intestine (ileum), dura mater, brain, urinary bladder, skin, myocardium, bone (rib), liver, lung, stomach, spleen, muscle, gall bladder, muscle fascia, epididymis, intercostal nerve, kidney, thyroid, testis and tunica albuginea of testis.

The second body was from a 59-year-old male individual, who died a natural death. The body was frozen at −20°C after arrival at the anatomical institute and dissected after 3 weeks of storage. Autopsy showed no signs of cancer. As we aimed at increasing the resolution our tissue atlas, we collected 37 samples including several sub-areas for different organs, i.e. nine brain areas (grey matter, white matter, frontal, temporal, occipital, nucleus caudatus, thalamus, pituitary gland and cerebellum), dura mater, spinal cord, nerve, artery, vein, myocard, muscle, lymph node, thyroid, esophagus, stomach, pancreas, duodenum, jejunum, colon, liver, three kidney areas (kidney unspecified, medulla and cortex), spleen, adrenal gland, prostate, testis, skin, adipocyte, lung, pleura and bone marrow.

To assess the influence of RNA degradation originating from different storage times of the tissue on the miRNA profile, we used normal lung and normal heart tissue that was stored in physiological salt solution at 4°C for 1, 2, 3, 7 and 14 days, before RNA isolation. To understand short-term effects on the miRNA pattern in a comprehensive manner, we analysed lung tissue from another individual. The following 16 time points were profiled: 0, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 9, 12, 24, 36, 48, 72 and 96 h.

To estimate inter-individual variations, we exemplarily performed in-depth analysis for lung tissues. For 16 normal tissue biopsies from different individuals, the miRNA expression intensity was determined as for the two bodies and the samples from the degradation analysis.

RNA isolation and integrity {#SEC2-2}
---------------------------

RNA was isolated using the miRNeasy Mini Kit (Qiagen) and the Qiagen tissue lyser using 7 mm stainless steel beads. Tissue samples were disrupted for 5 min 30 Hz (1800 oscillations/min) in Qiazol lysis reagent. Further purification was done according to manufacturer\'s instructions. Concentration and purity was measured using NanoDrop 2000 (Thermo Scientific). RNA integrity was measured using Bioanalyzer RNA Nano Chip (Agilent). As expected for autopsy samples, the RNA integrity values (RIN) ranged between 1.8 and 2.7.

miRNA profiling {#SEC2-3}
---------------

Microarray analysis was performed using *SurePrint* 8 × 60K Human V19 *miRNA* microarrays (Agilent) that contain 2007 miRNAs of miRBase V19 (<http://www.mirbase.org/>), according to the manufacturer\'s instructions for the first corpse. For the second corpse, the most recent miRBAse v21 has been used and the analysis has been carried out on 1997 human miRNAs present in both versions. In brief, a total of 100 ng RNAs were processed using the miRNA Complete Labeling and Hyb Kit to generate fluorescently labelled miRNA. Microarrays were scanned with the Agilent Microarray Scanner at 3 µm in double path mode. Microarray scan data were further processed using Agilent Feature Extraction software. The raw expression intensity values are available for download at <https://ccb-web.cs.uni-saarland.de/tissueatlas>. Since the normalization may have an impact on the results, we performed all analyses on the raw data, normalized data by quantile normalization and by variance stabilizing normalization ([@B6]). For training the Variance Stabilized Normalization (VSN) model all samples and all miRNAs were used. The detailed results for the variance stabilizing normalization are provided in the supplementary material. To account for negative values (i.e. miRNAs that are not expressed, that may get a negative value due to background subtraction) a pseudo-count has been added. All calculations have been carried out in R version 3.0.2.

Tissue specificity index {#SEC2-4}
------------------------

To evaluate the variability of expression patterns, we calculated a tissue specificity index (TSI) for each miRNA analogously to the TSI 'tau' for mRNAs originally developed by Yanai et al. ([@B7]). This specificity index is a quantitative, graded scalar measure for the specificity of expression of a miRNA with respect to different organs. The values range from 0 to 1, with scores close to 0 represent miRNAs expressed in many or all tissues (i.e. housekeepers) and scores close to 1 miRNAs expressed in only one specific tissue (i.e. tissue-specific miRNAs). Specifically, the TSI for a miRNA *j* is calculated as $$\documentclass[12pt]{minimal}
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}{}\begin{equation*} {\rm tsi}_j = \frac{{\sum\nolimits_{i = 1}^N {(1 - x_{j,i} )} }}{{N - 1}}, \end{equation*}\end{document}$$ where *N* corresponds to the total number of tissues measured and *x~j,~*~i~ is the expression intensity of tissue *i* normalized by the maximal expression of any tissue for miRNA *j*.

Hierarchical clustering of tissues {#SEC2-5}
----------------------------------

To estimate the proximity of profiles from different tissues, hierarchical clustering analysis has been applied. To account for the high dynamic range of miRNAs, clustering has been performed on log expression intensities and miRNAs that are close to the background were removed. To extend the cluster analysis, the 100 most variable miRNAs have been selected. In each case, complete linkage hierarchical clustering using the Euclidian distance has been performed.

Expression of miRNA families {#SEC2-6}
----------------------------

For estimating the tissue specificity of miRNA families, we extracted all miRNA families from the most recent miRBase version 21. For each miRNA precursor all mature forms have been considered as family members, duplicated mature miRNAs (e.g. coming from different precursors in the same family) have been counted once in order to minimize a potential bias introduced by multiple precursors. For discovering co-expressed miRNAs, Spearman correlation of intensity values between all pairs of miRNAs has been calculated. Network visualization has been performed in Cytoscape.

Conservation of tissue specificity {#SEC2-7}
----------------------------------

To compare conserved tissue specificity in humans and rats, we downloaded data from the Gene Expression Omnibus (GEO) series GSE52754, containing expression profiles for 55 different rat tissues that have been measured using Agilent microarrays ([@B8]). To match miRNAs we extracted all rat miRNA identifiers from the respective manuscript and matched them via a 100% sequence match. For matching miRNAs and matching tissues, we calculated and correlated the tissue specificity indices. To minimize artefacts introduced by normalization, we carried out all analyses on raw data. Since this analysis only addresses the question whether a miRNA is rather specific or a housekeeping miRNA, we also correlated the human and rat expression profiles using Spearman correlation.

Additional data from literature {#SEC2-8}
-------------------------------

In addition to the 44 tissue samples from the degradation and reproducibility analysis, the 16 individual lung cancer tissues and the 61 tissues from two bodies newly measured for this study, we searched the literature for other studies where normal tissues have been profiled. In the GEO ([@B9]), we found 1178 series related to miRNAs. Of these, 722 were from *Homo sapiens*. Excluding series with low sample count (below 20 samples), 302 series remained. After excluding studies from body fluids such as serum, plasma, blood or urine, we examined the remaining hits for availability of unaffected tissue measurements. The respective data tables were downloaded from GEO and all IDs were matched from the respective platform identifiers to miRBase Version 21 IDs. For the respective studies, raw and normalized data (VSN and quantile normalized) were added to our tissue atlas web repository. These include 43 samples from 9 tissues and 463 miRNAs from GSE11879, 40 samples measured for 709 miRNAs from normal gastric tissue from GSE23739, 48 benign prostate tissues measured for 480 miRNAs from series GSE54516 and 32 benign prostate tissues measured for 825 miRNAs from series GSE76260. The data have been used partially in the present manuscript, all data are included in the web-based tissue atlas resource.

RESULTS {#SEC3}
=======

In this work, we present the draft of a human tissue miRNome atlas. In the first part of the manuscript, we describe pre-analytics, investigating the general reproducibility of the miRNA profile measurements and also the effect of storage of tissues on miRNA profiles. In the pre-analytics consideration, we measured 44 tissue miRNomes. It is essential to understand respective variability to understand the biological variability of different tissue miRNomes.

In the second part, we describe the screening of all mature miRNAs from miRBase version 21 across different organs of two male bodies. We investigated miRNA expression in 24 different tissues from the first body and in 37 different tissues from the second body. To determine the miRNAs abundance in the different tissues, we utilized a TSI score, known from transcriptomics ([@B7]). Furthermore, we investigated the proximity of organs based on miRNA abundances by hierarchical clustering and co-expression analysis. To estimate inter-individual variations, we measured 16 additional miRNomes from control lung tissues and extracted further data sets from the GEO.

To provide researchers access to the first version of the miRNA tissue atlas, we implemented a web-based repository that is freely available at [www.ccb.uni-saarland.de/tissueatlas](http://www.ccb.uni-saarland.de/tissueatlas).

Reproducibility of miRNA patterns {#SEC3-1}
---------------------------------

An important factor for estimating the biological variability is to understand the technical variability of the underlying profiling platform. Previously, we compared technical reproducibility of the two common platforms, microarrays (Agilent) and NGS (Illumina HiSeq) ([@B10]). In these experiments, we discovered an increased variability of miRNAs dependent of the sequencing library preparation. Similarly, we observed a strong bias based on the nucleotide composition of miRNAs ([@B11]). Of 10 replicated Agilent microarray measurements of the same individual, we calculated 10 \* 9/2 pair-wise correlations of technical replicates. Minimal correlation was 0.998 and mean/median correlation 0.999, highlighting the high degree of technical reproducibility of the array platform. To translate these results on our tissue atlas and determine technical reproducibility of the array analysis, technical duplicates from nine randomly selected tissue samples from the second body were measured. The duplicates were processed at different days and have been measured on different arrays, each. Hierarchical cluster analysis shows that the technical replicates always clustered together showing that the applied technology was suited to provide reproducible results (Figure [1](#F1){ref-type="fig"} shows the heat map for quantile-normalized data, Supplementary Figure S1 for VSN-normalized data). Altogether, we found high correlations between these technical replicates with the overall lowest correlations at 0.986 and 0.994 observed for liver tissue and pleura, respectively. Highest correlation of 0.999 was reached for the brain samples.

![Hierarchical clustering of the 44 samples included in the stability and reproducibility study. Quantile normalized and log~2~ transformed expression intensity values were used for clustering. The intensity values and distribution are presented in the upper left corner. In the present heat map, heart and lung tissues cluster together on the right-hand side. Technical replicates (marked by 'TR' in the labels below the heat map) of other organs cluster together in each case in the left-hand side. For VSN-normalized data the same representation is provided in Supplementary Figure S1.](gkw116fig1){#F1}

Stability of miRNA patterns in tissues {#SEC3-2}
--------------------------------------

Measuring tissues of corpses the storage time prior to RNA extraction and a potential degradation of RNA may have an influence on the profiles. We exemplarily investigated the process for heart and lung tissue. Biopsies were taken from two individuals and have been stored for 1, 2, 3, 7 and 14 days at 4°C. Hierarchical cluster analysis shows that all lung and all heart samples each cluster together (Figure [1](#F1){ref-type="fig"}; Supplementary Figure S1). The duration of the storage was, however, not reflected in the clustering pattern indicating that a storage time between 1 and 14 days at 4°C has a limited influence on the overall miRNA tissue pattern.

We also performed the analysis with more dense time intervals within the first 3 days to understand short-term effects. For a lung tissue from a third individual 16 time points between 0 and 96 h were profiled. These biopsies clustered well together with the lung tissues from the second individual with storage time over 14 days. Again, no time curse could be recognized in the clustering pattern.

Remarkably, the results presented above describe the overall miRNA patterns. For single miRNAs still differences dependent on the storage could be observed. Thus, we calculated the TSI for all lung tissues and for all tissues in the pre-analytical study. With respect to lung tissues, large TSI values mean in this case not tissue specific but rather specific in one of the replicated measurements. We thus expect that TSI values of miRNAs from the lung tissue are low. Especially for five miRNAs we, however, calculated TSI values that are increased in lung tissue by at least 20%: hsa-miR-8069, hsa-miR-6821--5p, hsa-miR-4800--5p, hsa-miR-6775--5p, hsa-miR-5001--5p. For all miRNAs, TSI values from the pre-analytical step are summarized in Supplementary Table S1.

Frequency of miRNAs per tissue and tissue specificity of miRNAs {#SEC3-3}
---------------------------------------------------------------

For each miRNA in each tissue, we determined its presence and frequency using the so-called present calls as determined by Agilent Feature Extraction software. Out of the 1997 different mature miRNAs, 633 (31.7%) were not detected in any of the tested tissues by the applied microarray technology. Out of the remaining 1364 miRNAs, 143 (10.5%) were found in all tissues. To present more comprehensive information on the tissue distribution of miRNAs, we utilized the miRNA TSI analogously to the mRNA TSI 'tau' that has successfully been employed by Yanai et al. ([@B7]). This index has a range of 0--1 with the score of 0 corresponding to ubiquitously expressed miRNAs (i.e. 'housekeepers') and a score of 1 for miRNAs that are expressed in a single tissue (i.e. 'tissue-specific' miRNAs). We calculated TSI for the 1364 miRNAs that have been detected in at least one tissue sample. For each miRNA, we compared TSI for the two bodies, for raw, quantile- and VSN-normalized data (Supplementary Table S2). Using the quantile-normalized data for the first body, 83.7% of all miRNAs showed an average abundance throughout the tissues with intermediate TSI values ranging from 0.15 to 0.85 (Figure [2A](#F2){ref-type="fig"}, Supplementary Figure S2A for VSN-normalized data). Only one miRNA (miR-3960) was ubiquitously expressed with a TSI \< 0.15 and 222 miRNAs showed a highly tissue-specific expression with TSI \> 0.85. For the second body, 88.8% of all miRNAs showed intermediate TSI values; one miRNA (miR-6089) showed a TSI \< 0.15 and 152 miRNAs a TSI \> 0.85 (Figure [2B](#F2){ref-type="fig"}, Supplementary Figure S2B for VSN-normalized data). The correlation of the VSN-normalized TSI values with the quantile-normalized TSI values was 0.88 (*P* \< 10^−10^).

![Histogram plot for the frequency of TSI of miRNAs in different tissues. Panel **A** represents TSI of the first, panel **B** of the second body. The vertical dotted lines correspond to the threshold originally proposed for defining housekeeping and specifically expressed miRNAs of \<0.15 and \>0.85. The same representation for VSN-normalized data is presented in Supplementary Figure S2.](gkw116fig2){#F2}

The overall most tissue-specific miR-1--3p is presented in Figure [3](#F3){ref-type="fig"}. For all 61 samples raw-, quantile- and VSN-normalized expression intensities are presented as bar plot. Respective bar plots for all miRNAs can be generated using the online repository.

![Bar plots for all 61 samples for miR-1--3p, the miRNA with highest overall TSI in the first and second body. The vertical dashed line separates the first from the second body. TSI values for both bodies are highlighted in the figure. The miRNA is high expressed in muscle and myocardium. Raw-, quantile- and VSN-normalized expression intensities for this miRNA match well across all different tissues.](gkw116fig3){#F3}

Clustering of tissue patterns and analysis of miRNA families {#SEC3-4}
------------------------------------------------------------

Beyond the analysis of single miRNAs, we determined the overall similarity/dissimilarity of the miRNA pattern between the different tissues. We performed hierarchical clustering of miRNAs and tissues using normalized expression intensities. We found two major clusters, the first of which containing mainly nervous system tissues and muscle tissues from both bodies. In the second cluster, the organs of the two individuals frequently did not cluster together (Figure [4A](#F4){ref-type="fig"}). Since the large number of miRNAs used for this clustering likely caused substantial noise, we restricted the clustering analysis to the 100 miRNAs with the highest data variance (Figure [4B](#F4){ref-type="fig"}). Here, we found three main clusters with the first one containing kidney, liver, stomach and small intestine of both bodies. The second cluster exclusively contained all brain tissue samples of both bodies and nervous system related tissue, i.e. spinal cord and dura mater. The third cluster contained thyroid, nerve, muscle, myocardium and colon each of both bodies. Other organs were found in different clusters, e.g. the lung samples and the brain coverings dura mater and arachnoid mater. For VSN-normalized data we observed a similar pattern, however, we found a stronger tendency of clustering of individuals in the different sub-clusters (Supplementary Figure S3).

![Hierarchical clustering of all tissues in both bodies. Log~2~ transformed quantile normalized intensity values were used for clustering. The intensity value distribution is shown in the upper right corner of the figures. Panel **A** shows significantly expressed miRNAs, while panel **B** focuses on the 100 miRNAs with overall highest data variance. The respective representation for VSN-normalized data is presented in Supplementary Figure S3.](gkw116fig4){#F4}

To gain further insights into expression of tissue-specific miRNAs, we performed clustering with the 25 miRNAs displaying a TSI \> 0.85 for both bodies in raw-, quantile- and VSN-normalized data (Figure [5](#F5){ref-type="fig"}). We found several groups of miRNAs with tissue-specific expression. In detail, we detected high expression of miR-133b, miR-133a-3p, miR-1--3p and miR-206 in both muscle samples and, with the exception of miR-206 also in both myocardial samples. Additionally, we found a cluster of four miRNAs specifically expressed in various brain tissues, i.e. miR-338--3p, miR-219a-5p, miR-124--3p and miR-9--5p. Another group of miRNAs, miR-507, miR-514a-3p and miR-509--5p was almost exclusively expressed in the testis samples. Besides these miRNA clusters, we also found single miRNAs that were expressed in a highly tissue-specific manner, i.e. miR-122--5p, miR-7--5p and miR-205--5p were each exclusively expressed in liver, pituitary gland and skin, respectively.

![Heat map for the 25 miRNAs that have TSI values of \>0.85 in both bodies. Log~2~ transformed expression intensities of quantile normalized expression values are presented. To facilitate the interpretation of specific miRNAs in organs or organ groups low expressed miRNAs were greyed out (see also color distribution scheme in the upper left corner). The analysis highlights tissue-specific miRNAs that are exemplarily presented on the right-hand side of the plot, such as hsa-miR-1--3p that has already been described in Figure [3](#F3){ref-type="fig"} as most specific miRNA overall.](gkw116fig5){#F5}

Tissue specificity of miRNA families {#SEC3-5}
------------------------------------

To further determine to what extend miRNA families show similar abundances in specific organs, we calculated the TSI not only for single miRNAs but also for mature miRNAs inside each miRNA family. Out of 187 miRNA families from the miRBase with at least two family members, we analysed 25 miRNA families with at least five mature forms (Figure [6A](#F6){ref-type="fig"}; Supplementary Table S3). We found several miRNA families with high TSI values including the above-mentioned mir-378 family with most of the family members showing a high abundance in muscle tissues and the myocardium. Similarly, the mir-506 family with 18 family members showed generally a high abundance in testis tissue while they were less expressed in other tissues. Other families, such as the mir-449 family with five members, did not show a common pattern in the different tissues: MiR-449c-3p was expressed specifically in spleen tissue, miR-449c-5p and -449b-5p in kidney and small intestine, miR-449a in lung, kidney and brain and miR-449b-3p in spleen. To extend this analysis we searched for miRNAs co-expression patterns in specific tissues. We used a high correlation cut-off and considered only miRNA-pairs with Pearson correlation exceeding 0.95. Altogether, we identified 73 miRNA pairs with tissue co-expression. In addition to pair-wise interactions, we also found sub-networks with at least four participants. The networks have been visualized using Cyto-Scape (Figure [6B](#F6){ref-type="fig"}). While we frequently observed co-expression among mature members of specific families (e.g. the mir-548 family), we also found correlations of miRNAs from different miRNA families. For example, miR-4312 was co-expressed with miRNAs from the let-7 family. Performing the same analysis with raw data, we detected an increased number of co-expressions, but generally confirmed the observation that has been based on the normalized data.

![**A**: Average and standard deviation of TSI value in different miRNA families. For each miRNA family with at least five members the mean and standard deviation of all family members TSI is presented as bar plot. Families are sorted with decreasing average tissue specificity from left to right. Highest tissue specificity was observed for the miR-378 family, predominantly being specific for myocardium and muscle. The number of mature family members is shown above the columns with balloons, representing the family size. **B**: Co-expression network of miRNAs. Each miRNA pair connected by an edge has co-expression across all samples with Spearman correlation coefficient above 0.95.](gkw116fig6){#F6}

Tissue specificity of -3p and -5p mature forms {#SEC3-6}
----------------------------------------------

We asked whether -3p and -5p mature forms of miRNAs have different tissue specificity. To limit the bias of miRNAs that are annotated with only one mature form, we only included those miRNAs that have two mature forms annotated and carried out the analyses in a paired manner (41% of the 1364 mature miRNAs were included). First, we investigated whether -3p or -5p mature forms are overall higher expressed. For both quantile- and VSN-normalized data, we calculated significantly higher expression of the -5p mature forms. The effects in VSN exceeded the quantile-normalized effects. Mature -5p forms were on average 21% higher expressed as compared to -3p forms (paired t-test *P*-value of 3.6×10^−10^). To estimate whether the two mature forms are more or less specific for tissues, we calculated and compared the TSI values for the -3p and -5p forms. For both, TSI values based on VSN- and quantile-normalized data, we did not found significant differences between -3p and -5p forms (*P* \> 0.5 in both cases). Having a detailed look at single miRNAs, we discovered that in all cases where -3p and -5p mature forms were tissue specific independent on the normalization technique the tissue patterns matched. The best matching profiles were found for hsa-miR-140, hsa-miR-378a, hsa-miR-509, hsa-miR-122, hsa-miR-124, hsa-miR-192 and hsa-miR-455. Only for one miRNA, miR-150, no significant correlation for -5p and -3p mature form was calculated (Supplementary Figure S4). The -3p form was specific for pancreas and the -5p form for stomach. All TSI values for -3p and -5p mature forms of quantile- and VSN-normalized data are available in Supplementary Table S4.

Inter-individual variations {#SEC3-7}
---------------------------

In the previous analyses, we suggested that miRNAs are tissue specific. From two bodies it is impossible to extrapolate inter-individual variations within specific organs. In a first approach we searched for miRNAs that are overall higher or lower in all tissues of one of the two bodies, independent of the normalization technique. Two miRNAs, hsa-miR-548n and hsa-miR-548ap-5p, fulfilled these stringent criteria. Although these (and similarly differentially abundant miRNAs between both individuals) miRNAs had low TSI values and are not considered tissue specific the differences emphasize the importance of incorporating inter-individual variations.

We exemplarily analysed 16 lung tissue biopsies of 16 different individuals. Here, we expect miRNAs to be more homogenously expressed, leading to overall lower TSI values. For the quantile- and VSN-normalized data, we calculated significantly decreased TSI values in the individuals (*P* \< 10^−16^). The respective TSI values for biological replicates of lung tissue and the two bodies are presented in Supplementary Figure S5A (quantile normalized) and 5B (VSN normalized). These figures also indicate that few miRNAs have higher TSI in lung as compared to the overall TSI, i.e. variations between organs are smaller than variations between individuals. Inspecting the respective miRNAs, we found that they usually were specific for other organs than the lung and expressed to a very moderate limit in the lung. Here, already small variations lead to artificially high TSI values.

As the second example we downloaded expression values from 32 prostate tissues from the GEO (not affected tissues as part of a case-control cancer study, GSE76260). The TSI values were calculated for quantile- and VSN-normalized intensity values. Only the 625 miRNAs that were included in both studies were considered. In this analysis the variations between individuals were even lower as compared to the variations between organs. Again, TSI values were significantly lower for prostate tissue (*P* \< 10^−16^). The scatter plots are analogously to the lung tissues presented in Supplementary Figure S6. Also for the other tissues extracted from the GEO, which are also available on the tissue atlas web resource, lower TSI values were observed. In sum our results thus indicate that the inter-individual variations are smaller as compared to inter-organ variability.

Homology of tissue specificity in humans and rats {#SEC3-8}
-------------------------------------------------

To addressed the question to what extend a tissue-specific abundance of the miRNA pattern is conserved between human and rodents, we matched the data of our study to data published in a recent study, which used the same miRNA platform (Agilent) ([@B8]). From all miRNAs expressed in our tissue collection, 230 matched in sequence identically between human and rat. Of the tissues included in the human and rat studies, 42 organs could be matched. For all these miRNAs and organs, we calculated the TSI values in human and rat, showing an overall correlation of 0.362 (*P*-value of 9 × 10^−8^). To determine the significance of this finding, we additionally performed 1 million permutation tests, which showed an average correlation value of 0. While these results indicate an overall matching of miRNA abundances in humans and rats, the TSI does not acknowledge the origin of the miRNAs, i.e. a value of 1 for a rat miRNA may indicate specificity for spleen and for the same miRNA specificity for brain in humans. However, the overall correlation of the expression values of rat and human miRNAs was 0.361 (*P* \< 10^−16^), indicative of a significant matching of human and rat expression profiles. Similar to the results for humans in Figure [5](#F5){ref-type="fig"}, we clustered the miRNAs with high TSI values in human and rat. Altogether, we focused on very specific miRNAs: 54 miRNAs with TSI values exceeding 0.9 were considered. The resulting heat map where maximal rat and human miRNA expression was set to 100% to make both data sets comparable to each other is presented in Figure [7](#F7){ref-type="fig"}. In this analysis we did not observe a predominant clustering in humans and rats but a strong tendency of organs to cluster together. Examples of directly matching pairs include the spleen, myocardium, muscle, pancreas, kidney, liver, stomach, skin, brain or spinal cord. The miRNAs in this heat map matched the specific miRNAs in Figure [5](#F5){ref-type="fig"} very well such as miR-133a-3p, and miR-133b for muscle and myocardium or miR-9--5p, miR-219a-5p, miR-7--5p and miR-124--3p for brain and spinal cord. Bar plots comparing each miRNA directly for specificity in tissues of rat and human are provided in the supplementary material.

![Conservation of tissue-specific expression of miRNAs in human and rat. Matching miRNAs (100% matching of mature miRNA sequence) from organ expression in rats and humans were calculated. For each miRNA in rats and humans the TSI was calculated and highly specific miRNAs were clustered. Since overall expression in humans and rats varied, the maximal intensity of each miRNA in the two organs was set to 100% and all other miRNAs were linearly scaled. All miRNAs with below 10% expression of maximal intensity are shown in grey to facilitate data interpretation (see also colour gradient presented in the upper right corner). On the right-hand side the human/rat miRNA identifiers are shown, below the heat map the matched tissues are presented (HU for human; RA for rat). For rat tissues the average intensity of replicated measurements is presented.](gkw116fig7){#F7}

DISCUSSION {#SEC4}
==========

As miRNAs emerge as important regulators of protein expression during tissue development and homeostasis, there is an increasing need for a standardized atlas of miRNA expression in multiple human tissues. Although there is ample evidence for differential miRNA expression in different human tissues, the majority of studies investigate differential expression in only one organ/tissue. Due to the different identification methods and normalization strategies, the results of these studies are not easily comparable limiting their value for comparison of miRNA expression in different tissues. The optimal human miRNA tissue atlas would be based on different fresh tissues each obtained from the same donor; different donors should be of different age and gender both of which are known to influence the miRNA pattern ([@B12]). As this ideal scenario is not possible in human studies, fresh biopsy material could be used for miRNA isolation with the advantage of yielding high-quality RNA. There are, however, several disadvantages: (i) biopsies will be mostly taken from patients with affected organs, (ii) high inter-individual differences can mask tissue-specific differences of miRNA abundances, (iii) a bias is likely introduced by multiple centres that are involved in tissue collections and (iv) samples of vital organs, e.g. thalamus, spinal cord or cerebellum, are not available. Alternatively, miRNAs can be isolated from tissues collected from the same individuals upon autopsy. The advantage of the latter approach is the availability of multiple tissues from the same individuals, even from vital organs, with the disadvantage of RNA degradation in the samples due to the storage duration of the body and the advanced age or the disease status of the body donors. In context of our tissue atlas, the main question is whether the differences in the abundance of miRNAs induced by post-mortem RNA degradation, which is different from *in-vitro* RNA degradation by UV light or heat, are higher than the differences between the tissues profiled. There is scant evidence for extended post-mortem stability of individual miRNAs ([@B13],[@B14]). In case of whole miRNA tissue profiles, Ibberson et al. found that RNA degradation due to prolonged inadequate tissue storage has a random effect on miRNAs and compromises the reliability of miRNA profiles, generating false positive deregulated miRNAs ([@B15]). But they also clearly state that 'even samples with the most degraded RNAs still preserve a tissue-specific miRNA signature'. This finding is in line with our observations in the present study. For lung and heart tissue we investigated short- and long-term degradation, highlighting an overall limited impact on the tissue specificity of miRNA profiles. Only very few miRNAs were affected at all. Given the data from two organs, we however cannot exclude the possibility that some tissue-specific miRNAs might be affected by degradation of the sample. We are also aware that the autopsy samples of the two male individuals provide only a snapshot of the full variability of miRNA expression. While we aim at adding more full body profiles we supported the data in the present study by tissue collections extracted from the literature (e.g. gastric and prostate tissues) and by own measurements (lung tissue).

We used a microarray platform for miRNA expression detection since this platform shows a high reproducibility as evidenced by the miRQC study ([@B5]). In our study, analysis of technical replicates of nine samples processed in different batches reached high correlation values above 0.986 for all samples. In previous studies, we observed a substantial bias introduced in Next Generation Sequencing (NGS) data by sample preparation of blood samples ([@B10]). However, NGS analysis would enable to detect presently unknown miRNAs as well miRNAs iso-forms that have demonstrated to target biological pathways in a cooperative manner ([@B16]). A key challenge with microarray data is normalization. Many techniques that are frequently applied such as variance stabilizing normalization or quantile normalization can have a substantial influence on the results. Quantile normalization e.g. assumes an overall similar distribution of all miRNAs. We thus performed the relevant analyses on raw data, quantile- and VSN normalization. Irrespective of the normalization technique we found higher TSI values for miRNAs as, e.g. known from mRNAs ([@B7]). This result suggests that miRNA expression is more tissue specific as compared to mRNA expression.

The, as of now, most comprehensive study on tissue-specific miRNAs in humans was published by Landgraf et al. in 2007 ([@B3]). They sequenced 256 small RNA libraries from 26 different organ systems and cell types of humans and rodents, with ∼1000 clone each. The human samples included normal samples from 16 tissues most of them brain and reproductive tissues. They identified 340 mature human miRNAs including 33 novel miRNAs not listed in the miRBase version 9.1, which was the current version at the time of the study ([@B17]). For canonical miRNAs they found a high concordance of tissue-specific expression in humans and rodents. When we compared our data to a data set on 55 different rat tissues available at GEO database ([@B8]), we could confirm conserved tissue-specific expression of several miRNAs, including miR-133b, miR-124 and miR-9. Amongst others, Landgraf et al. detected tissue-specific expression of miR-122 in liver, of miR-9, miR-124 and miR 128a/b in brain, of miR-7, miR-375, miR-141 and miR-200a in pituitary gland and of miR-142, miR-144, miR-150, miR-155 and miR-223 in hematopoietic cells. Overall, our results correlated well with this data, confirming specific expression of miR-122, miR-9, miR-124 and miR-7 in the respective organs. Consistent with Landgraf's results, we found miR-122--5p as highest expressed miRNA in the liver of both bodies. Our study, however, also identified low expression of miR-122--5p in spleen, gall bladder and veins. MiR-124 (miR-124--3p) was identified as the third most specific miRNA in the nervous system by Landgraf et al. We observed expression of this miRNA in different areas of the brain but not in other tissues. For miR-144, we found highest expression in vein and spleen, consistent with the assumption of residual hematopoietic cells in these samples; additionally, we found high expression of this miRNA in thyroid. Of note, miR-144 has been found highly expressed in normal thyroid and downregulated in papillary thyroid carcinoma ([@B18]). We also found high expression of miR-1--3p, miR-133a-3p, miR-133b and miR-206 in myocard and muscle. These miRNAs are known as myomiRs that regulate key genes in muscle development ([@B19],[@B20]). Additionally, we detected a highly specific expression of miR-205--5p, miR-514a-3p and miR-192--5p in skin, testis and colon samples of one of the bodies, respectively. MiR-205--5p that is highly expressed in melanocytes and downregulated in melanoma is inverse correlated with melanoma progression ([@B21]). MiR-514a-3p belongs to the miR-506 family; the mouse orthologue of miR-506, mmu-201, has been shown to be specifically expressed in reproductive tissues ([@B3]). A significant decrease in expression of miR-192--5p in colorectal cancer compared to normal mucosa has been reported ([@B22]).

The knowledge of the expression pattern of miRNAs in different tissues is essential for understanding normal development and disease development of the respective tissue. In addition, knowing the tissues that express specific miRNAs helps to develop a miRNA found in whole blood or serum into a biomarker for a specific disease. Elevated serum levels of liver-specific miR-122 have been detected in patients with drug induced liver injury, steatosis, hepatitis-B and -C infections and in patients with hepatocellular carcinoma ([@B23]--[@B26]). Elevated levels of circulating myomiRs, i.e. miR-1, miR-206 and miR-133a/b, have been proposed as biomarker for heart failure and different forms of muscle dystrophy, but are also elevated after half-marathon run ([@B27]--[@B29]).

In summary, we provide an atlas of miRNA expression in multiple human tissues. This atlas can be used as starting point for elucidation of the role of miRNAs in tissue development and tissue-specific diseases.
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